This paper presents a comprehensive formulation of a finite element for the modelling of borehole heat exchangers. This work focuses on the accurate modelling of the grouting and the field of temperature near a single borehole. Therefore the grouting of the BHE is explicitly modelled. The purpose of this work is to provide tools necessary to the further modelling of thermo-mechanical couplings. The finite element discretises the classical governing equation of advectiondiffusion of heat within a 1D pipe connected to ground nodes. Petrov-Galerkin weighting functions are used to avoid numerical disturbances. The formulation is able to capture highly transient and steady-state phenomena. The proposed finite element is validated with respect to analytical solutions. An example consisting of a 100m depth U-pipe is finally simulated. A first continuous heating simulation highlights the non-symmetric distribution of temperature inside and near the borehole. An estimation of the error on the results as a function of the resolution parameters is also carried out. Finally simulations of cyclic thermal loading exhibit the need to take into account all daily variations if the grouting behaviour must be modelled. This is true especially in case of freeze-thaw damaging risk.
Introduction
Among the different possibilities that geothermal energy offers, energy extraction through geothermal heat pumps is the most frequent worldwide application and increasing over the last years [1] . Shallow geothermal heat pump systems exchange heat with the ground either by circulating the groundwater 5 1 Contact email: b.cerfontaine@ulg.ac.be through two separate wells (open-loop) or by using heat exchangers embedded in the ground mass (closed-loop). Vertical closed-loop geothermal systems, also known as Borehole Heat Exchangers (BHEs), are widely used since they have a small footprint at the surface for installation and can be applied in many hydrogeological contexts [2, 3] . BHEs consist typically of one or two loops of 10 high-density polyethylene pipes installed in a borehole. A heat carrier fluid is circulated in the pipe loop and heat is transferred between the fluid and the surrounding ground. A grouting material is usually injected in the borehole to enhance the heat transfer between the circulating fluid and the surrounding ground and to prevent environmental risks. These systems are widely used for 15 heating and cooling of buildings and small compounds [4] . In winter heat is extracted from the ground (heating of the building) while in summer heat is injected in the ground (cooling of the building).
The long-term use of BHE may have many technical and environmental consequences [5] such as the influence on groundwater quality or the reduction of 20 efficiency of the injection/extraction process. Sustainability of BHE is a crucial issue [6] . This consists in finding the maximum level of energy production allowing a constant production for a very long time. Therefore the optimisation of single or fields of BHE is carried out in order to limit their impact or increase their efficiency [7, 8, 9] . Limitations of temperature variations within the soil, 25 the carrier fluid and the grouting is another constraint. Indeed the freeze-thaw cycles may affect the thermal properties of the grouting [10, 11, 12] or the shallow aquifer quality [5] . The evaluation of these consequences requires the development of analytical and numerical models able to capture all the features of BHE-ground interactions.
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Analytical and semi-analytical solutions are widely used for the BHE design and optimisation [7, 8, 9 ] especially due to their low computational cost. Early solutions are developed to analyse the long-term behaviour of BHE [13, 14] . They are limited to conduction only and drop vertical effects or pipe interactions. [15] extend one of these methods to take into account short-term be- 35 haviour which is proven important for some applications. The basic infinite line source, finite line source and infinite cylindrical source models are compared in [16] and their applicability is classified with respect to the duration of the simulation. Refinements of analytical methods are more and more developed. Heat advec-40 tion in the surrounding soil is taken into account in [17] despite the proposed solution is in 2D. The interaction between pipes is included in [18] . [19, 20] propose a model dealing with vertical conduction as well as advection-diffusion in the soil and discontinuous loading. A classification procedure of these models is proposed in [21] . 45 Finally some other authors try to better estimate the variation of temperature within the pipe only in order to simplify the resistance parameter identification procedure. For instance [22] propose to use a so called p-approximation of the temperature profile within U-pipes. [23, 24] develop other analytical solutions taking into account interactions between the pipes. However despite the high ef- 50 ficiency of all these methods, they are still limited in geometry, soil configuration and complexity of couplings.
The last decade gives birth to a large number of different numerical models of BHE. These models allow more flexibility on thermal properties distribution within the soil, modelling of an advection flow around the BHE, varying ge-manding. However the continuous increase of computational power allows their intensive use. Indeed, many case studies are inherently 3D, especially when multiple boreholes are involved, the soil is heterogeneous or in case of waterflow in the ground. Advection of heat within the pipe and diffusion within the soil are two phenom-70 ena with distinct time constant and numerical requirements (time step or mesh limitations). A pioneering work of [30] and [31] early distinguishes the BHE from the soil finite elements. In this model, the BHE (including one or two Upipes and the grouting) is modelled as a 1D finite element. This was extended to higher number of pipes in the grouting [32, 33] or to multiple dof represent-75 ing the grouting [34] . This decomposition of the pipes and the volume element becomes classical in the modelling of BHE. Another model describes the BHE as an assembling of resistances and thermal capacity [26, 35] . The enumeration of the different models is not the purpose of this paper but interested reader should refer to [25] as a starting point.
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Many models deal with steady-state solutions for the temperature distribution within the pipe. However it appears that the dynamic modelling of BHE is a crucial issue in their design [36, 37, 38] . [39] conclude that alternative and discontinuous operation modes can strongly increase the heat transfer efficiency. Heat pump are often used in alternative modes and periods ranging from a year 85 to less than a day. In the first case, heat extraction (winter) and injection (summer) modes alternate over a year [40, 25] . In the second case, the heat pump may work only for a part of the day and be switched off otherwise [41, 19] . Subsequently there is a need of a model able to reproduce highly transient effects with a minimum error and computer cost. Indeed, the error accumulation may 90 be a critical issue [42] in case of cycle thermal loading.
The objective of the paper is to present the formulation of a versatile finite element of heat exchanger. The classical basic idea consists in dissociating the advective problem within the pipes and the dispersive problem within the grouting and the soil. The focus is placed here not on the large-scale modelling of multiple BHE but on the accurate modelling of a single BHE in the near and far fields. The grouting around the pipes is then explicitly modelled in order to well reproduce the gradients of temperature inside it and to avoid any hypothesis on the grouting thermal resistance or the interaction between different pipes. The geometry of the grouting section may also evolves with depth due to the 100 heterogeneity of the soil. The model must accurately reproduce long and short term variations of temperature around the borehole. The finite element is implemented in the non-linear finite element code LAGAMINE developed at the University of Liege [43, 44] . This software is able to take into account all thermo-hydro-mechanical couplings in a fully coupled manner. How-105 ever only thermal effects are considered here. The formulation of the element is adapted to highly transient simulations. Moreover the error control is a major concern. Indeed, the integration scheme and parameters are of crucial importance for advection problem.
In the following, the coupled heat exchanger finite element is firstly de-
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scribed in a general manner. It is validated on a classical example and verified with respect to a line source analytical solution. Numerical examples are then presented. A short-term heat injection scenario is investigated to prove the capabilities of the model and to estimate the error due to time integration parameter. A short-period discontinuous heat extraction scenario is presented and 115 the influence of the operation scheme is analysed. Finally a one year simulation is carried out taking into account daily variations of the thermal demand.
Heat exchanger finite element
In the following it is decided to represent the pipe inside the BHE as a 1D finite element. Contrary to many models, the 1D finite element only models the 120 flow into the pipes and does not include the grouting. This allows a very flexible formulation where the number, the disposition and the interaction of the pipes inside the borehole is arbitrary. The fluid flow is supposed to be in steady-state and the fluid velocity is constant all along the pipes. Each node of the pipe element is related to a node, representative of the sur-125 rounding ground temperature. Here the ground is a generic denomination of the volume surrounding the pipe irrespectively of its actual nature (grouting, soil...). The volume 8-node finite elements describing the ground are classical and defined in [45] for thermo-hydro-mechanical couplings. They take into account thermal conduction into the soil and could also deal with advection, 130 despite this is not considered in the following.
Governing equations
Let us assume a pipe is embedded into a ground volume of arbitrary shape, as depicted in Figure 1 . A fluid is circulating within the pipe and there is a difference of temperature between the fluid and the surrounding ground. It is assumed that the cross-section of the pipe is constant all over the pipe. Moreover the temperature of the fluid is assumed uniform over each cross-section and the 
It is assumed that the convective heat exchange through the lateral surface of the pipe q l [W/m 2 ] depends on the difference of temperature between the temperature of the fluid and the representative temperature of the ground
where h [W/m 2 /K] is the convective heat coefficient. This coefficient rules the exchange of heat between the fluid and the wall of the pipe but may also include the thermal resistance of the pipe. Considering the control volume represented in Figure 1(a) , the heat balance equation for the pipe is expressed as
where P [m] is the circumference of the pipe and S [m 2 ] its section. Introducing Equations (1) and (2) into (4) yields to the governing equation of the heat flux within the pipe
Initial and boundary conditions
Initially at time t = 0, the temperature within the soil is set equal to the representative temperature of the ground T g at the beginning, such that
Two types of boundary conditions can be imposed on surfaces normal to the axis of the pipe: essential (Dirichlet) and natural (Neumann) conditions. The first condition consists in imposing the temperature of the fluid. For instance imposing the temperature at the beginning of the pipe reads
where z in is the position of the pipe's inlet and T in the imposed temperature. The Neumann condition imposes a heat flux on the inlet or outlet surface of the pipe. The heat flux in any cross-section is computed according to Equation (1) . A first condition applied in the following consists in a "free flow", which allows the heat to go out of the pipe. In this case, the q out flow is imposed on the outlet cross-section such that
The carrier circulating fluid often describes a loop and is heated by a heat at the top of a U-pipe. In this case, the free-flow condition is applied to the outlet section and the q in flow is applied at the inlet cross-section according to
where Q p [W] is a power provided to the fluid. 
Weak formulation of the problem
The exact residual Equation (5) is numerically solved over an arbitrary domain by the weighted residual method [46] . The following equation holds over a 1D domain of length L
where W (z) is an arbitrary weighting function. Equation (10) is integrated by parts and the resulting weak formulation of the problem is then provided by,
where the right-hand term is a boundary condition term.
Space discretisation of the problem
The field of temperature in the pipe is discretised by two-node isoparametric finite elements as described in Figure 1 . A mapping described by the Jacobian matrix J rules the change of variable from global coordinates (x,y,z) to local coordinate (ξ). Therefore the continuous field of temperature T is described over an element by
whereT T = T 1 ,T 2 is the vector of nodal temperatures and
is the vector of shape functions related to these nodes. They are defined according to
The field of representative ground temperature parallel to the pipe is described similarly,
but the shape functions are related to nodes of the ground Figure 1 . Galerkin finite elements where the weighting functions are identical to the shape functions are classically used. However for advection-diffusion problems, it is shown that spurious oscillations may appear [47] . A lot of attention has been paid to this problem over the years. One solution is to use Petrov-Galerkin weighting functions [48, 49] . Such a solution is already adopted for BHE in [30, 32] . The weighting functions related to the pipe nodes are gathered into the vector
where β is a parameter depending on the Peclet number P e such that
and the Peclet is defined according to
where ∆z is the length of the 1D finite element. The weighting functions are represented in Figure (17) into Equation (11) leads after some algebra (dropping boundary termsW) to a residual equation
where |J| is the determinant of the Jacobian matrix J, equal to L/2. Vector The lateral heat flux Equation (3) consists of a source term for the ground domain around the pipe. Therefore energetically equivalent nodal forces on the ground side, F e g , are defined similarly such that
Only the heat exchange between the pipe and the ground is taken into account.
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In this case, the weighting functions are identical to the shape ones in order to be consistent with the ground finite elements [30, 31] .
Equations (20) and (21) are defined at the level of a single element. The last step is the assembling of a global vector of energetically equivalent nodal forces, F. This step is somehow classical and not detailed here. 
Resolution of the problem
The time continuum is discretised in different time steps of duration ∆t n such that t n+1 = t n + ∆t n .
The duration of the time steps may evolve during the simulation. It is supposed that the nodal unknowns vary linearly over a time step such that
Therefore the out of balance nodal forces can be computed for any θ. Solving the problem consists in finding the final nodal temperature vectorT n+1 at the end of the time steps ensuring the out of balance forces F n+θ (T n+θ ) are equal to zero. If the θ parameter is equal to 0, the integration is explicit. Otherwise the resolution is implicit. The fully implicit scheme corresponds to θ = 1 and θ = 0.5 is the so called Crank-Nicholson scheme. If the problem is linear and the time step constant the elementary stiffness matrix K k is unique and comes from
Finally, the heat storage is considered as a component of the out of balance forces. It is assumed that ∂T/∂t is constant over the time step and
The expression of the elementary stiffness matrix related to nodal unknowns
is then summarised into the expression,
where the p subscript corresponds to the pipe and g to the ground. For instance the definition of the pipe-pipe component reads
The explicit definition of all components is provided in Appendix B for temperature independent thermal properties. Finally all the elementary stiffness matrices are assembled to the global stiffness matrix that will be solved.
Validation of the finite element 160
In the following section, the developed finite element is validated with respect to analytical solutions. A simplified geometry is considered in order to stay as close as possible to the hypotheses of the analytical solution.
Problem investigated
The geometry of the problem is illustrated in Figure 3 . The geometry consists of a single pipe coupled to a sector (opening of 10
• ) of ground. This ground represents a unique material whose properties are given in Table 1 . The validity of the coupling with a 3D domain is shown but the computational time is limited. The external radius of the sector (ground domain) is equal to 6m and its depth to 40m. The mesh is laterally refined near the centre and more spaced further. It is uniformly discretised over the depth (∆z = 1m). The carrier circulating fluid is supposed to be pure water. The top boundary of the pipe condition consists of an imposed temperature or an imposed flux. The bottom condition is either an open pipe (the fluid goes away) or a loop condition (the fluid is heated and injected back to the top). This latter condition is non-realistic since the fluid is instantaneously transported. However this condition better suits the analytical line source solution, namely there is a single pipe. The ground domain is supposed to be in adiabatic conditions. The temperature is recorded in the pipe and in a cross-section at mid-depth as depicted in Figure 3 . The rigorous choice of a time step to solve a transient problem depends on physical and numerical parameters. It is known that there is a critical time step that should not be overpassed in order to ensure the stability of the simulation, especially if the solution scheme is explicit. This conditions for convection dominated 1D problems is summarised into the Courant number condition [50, 47] ,
This involves that the time step between two successive computations of a solution must be less than the time required for the perturbation to travel across the length of a finite element. The maximum time step of the simulation is equal to 3s in order to fulfil the Courant requirement such that
The convective heat transfert coefficient h is calculated according to 
for smooth pipes. The final convective heat transfer coefficient h computed is 165 equal to 1500 W/m/K. It is related to parameters provided in Table 1 for the 1D pipe.
Constant soil temperature
The steady-state solution of the advection-diffusion problem in the pipe is easily obtained if the soil is assumed to have a constant temperature. The analytical solution of the temperature profile in the pipe is provided by [52] T
where . This is simply due to a mesh too coarse to exactly reproduce a very steep propagation front. After more than 90s, the numerically computed distribution of temperature in the pipe perfectly matches the analytical steadystate solution.
Variable soil temperature
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In the following, a heating test is simulated. It is assumed that the fluid going out of the pipe (z=0m) is instantaneously injected at its beginning (z=40m) and heated by a power Q p of 2kW. This leads to an average heating flux of the BHE q av equal to 50W/m. The evolution of the temperature in three sections of the pipe is provided in Figure 5 . The log scale is chosen to distinguish 185 between transient and stationary phases. Temperature is constant until the incoming heated fluid reaches the observation point. Temperature is continuously increasing afterwards since the fluid describes a loop.
The distribution of temperature within the pipe at different time steps is provided in Figure 6 . Results on the left of the figure depicts the transient 190 phase of the temperature evolution. The temperature profile is curved and temperature is higher at the top of the pipe. After few hours, the temperature profile has a constant shape that is simply shifted. This is a kind of stationary phase despite the evolution of temperature is still ongoing.
The evolution of convective fluxes corresponding to Equation (3) in the three The line source model is frequently used to validate results of transient simulations of heat exchanger [31] . It consists of the heating of a semi-infinite medium where the heating fluxes are normal to a vertical line. The initial temperature in the ground and the pipe is uniform at the beginning. The radial distribution of temperature within the soil follows (36) is provided if ǫ < 0.2 [53] ,
The accuracy of that solution is then a function of position and time. The correct solution for a point lying far from the heating source is only available for a long time operation. The mid-depth section is the point where the lateral heat flux is the closest from the average value. Therefore the horizontal temperature profile in the ground at this depth is compared with the line source solution in Figure 8 . Three time steps are investigated. Numerical and analytical solutions present a very good agreement. They slightly diverge but this could be explained by the 210 non-constant heat flux over the depth and time, the mesh discretisation at the centre of the sector and vertical diffusion. According to the line-source model, the conductivity of the soil can be estimated according to [52, 27] 
The time-evolution of this estimated conductivity computed using the evolution of fluid temperature at three depths is provided in Figure 9 . The estimated value at the beginning of the simulation has no meaning since it lies in the highly 
Numerical examples
In this section, the capabilities of the model are described by different ex- 
Problem investigated
The geometry consists of a single U-tube embedded in a borehole of radius 230 equal to 6.8 cm as shown in Figure 10 . Both pipes of radius equal to 1.31cm are separated by 6.8 cm. The grouting is explicitly modelled. The 1D finite element of pipe that is used does not occupy any volume, by definition. However the pipe are physically embedded in the grouting and fill a volume. [54] propose to use a pseudo-pipe material to discretise this volume.
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This method is adopted here as shown in Figure 10 . This material has a high conductivity in order to not introduce an additional thermal resistance. However contrary to [54] there is no heat capacity assigned to the material to avoid the introduction a spurious transient phase within the pipe cross-section where temperature is supposed to be constant.
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The 1D pipe element is connected to the central node the pseudo-pipe's volume. The pipe material is not represented here but the geothermal resistance could be included in the convective heat transfer coefficient h. The different material parameters are provided in Table 2 . The vertical direction is discretised in 105 slices with a height of 1m. The total size of the mesh is equal to almost 245 95000 unknowns. The simulations are run in adiabatic conditions and the initial temperature is uniform and equal to 285K.
Heating simulation
The first simulation consists of a thermal response test during 50000s (13.89h). The time step is equal to 3s. The fluid describes a loop and is heated continu- ously. Temperature profiles within the pipe are provided in Figure 11 in order to describe the behaviour of the installation. The observed distribution of temperature quickly reaches its steady state where a similar V shape profile is progressively translated towards higher temperatures. Different cross-sections of the grouting and the pseudo pipes at the end of 255 the heating are depicted in Figure 12 . Temperature over the pseudo-pipe material is almost constant which was intended. On the contrary, temperature distribution in the grouting is everything but uniform. The highest gradients of temperature within the grouting are observed in z=100m, which is the section closest to the pipe inlet. This is consistent with the tem-260 perature profile distribution in Figure 11 since the difference of temperature is the highest. On the contrary, the distribution of temperature is symmetric at the bottom of the borehole, where the temperature is identical in both pipes. The accurate simulation of the temperature gradient is crucial for their sustainability since the induced thermal stresses may degrade the grouting [11, 20, 12] .
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The mechanical degradation of the grouting is correlated with a decrease of its thermal properties and then its efficiency. Figure 13 exhibits the temperature distribution in the very near area around the grouting at the end of the simulation. Indeed, the distribution is non-symmetric around the borehole due to the downstream and upstream pipes. However the lower than 50cm. Moreover, the symmetry also increases with depth. Therefore from a practical point of view, the line source like models are sufficient to study the long-term behaviour of BHE for homogeneous soils without waterflow.
Error assessment
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In many applications, the duration of the simulation ranges from days to years [31, 28, 27] . Large time steps are commonly carried out to spare cpu time and the fully implicit method is mainly adopted. However as previously mentioned in Section 3.1, the time step in advection-diffusion problems is classically limited by the Courant number. Moreover the θ parameter defined in Equation (23) is known to affect the results [55, 46] . A θ parameter equal to 0.5 limits numerical diffusion and provides a second order accuracy scheme for small time steps. However θ = 1 is known to provide a better precision for large time steps [56] . Therefore it is interesting to assess the error arising from the choice of a time step and an integration scheme. An error indicator must be found to summarise the error of the results. It is chosen to focus on the temperature distribution within the pipe. The following error deals with the variation of temperature rather than its absolute value as proposed in [39, 16] . The relative error at node i of the pipe and time t is defined according to The reference time step is equal to 3s and the CrankNicholson integration scheme is adopted. The average error over the pipe at time t is defined such that
where n nodes is the number of nodes of the pipe where the temperature variation is different from zero. Simulations are carried out for three time steps (∆t = 100, 1000, 5000s) and two integration schemes: Crank Nicholson (θ = 0.5) and fully implicit (θ = 1.0). The evolution of the error with respect to the reference simulation is provided 280 in Figure 14 . The first 700 seconds are not provided because the error is very huge. Indeed, this corresponds to the highly transient phase and the propagation of a heat front which is not well captured but was not intended to be for larger time steps. The error increases obviously with the size of the time step. However it 285 can be observed that it decreases with time and is under 1% at the end of all simulations. For a given time step size, the error of the Crank-Nicholson integration is lower than the fully implicit one. However some oscillations appear for time steps equal to 1000 or 5000s. This reflects oscillations in the solution.
The occurrence of oscillations has been detailed in [55] and is a consequence of 290 the too high time step. Therefore it is decided in the following to adopt a fully implicit scheme. 
Typical thermal cyclic behaviour
The cyclic thermal loading of the borehole heat exchanger is based on the assumption that the maximum power should not necessary be maintained during 295 a long period. For instance in office buildings or house, the human presence and use of heavy equipments is often non-continuous over a day. Therefore in the following a period of full operation (Q p = Q p,max ,v = v max ) alternates with a period of recovery (Q p = 0,v = 0). The duration of each period is equal to 12h. The only additional hypothesis is that the convective heat transfer coefficient h 300 remains constant during the recovery phase even if v is equal to zero.
The evolution of the temperature in a cross-section at position z=80m is provided in Figure 15 . The first cycle of heating/recovery is depicted on the left of the figure. There is a sharp cooling (starting from 285K) of the fluid followed by a slower decrease of temperature. The shape of the results is similar when 305 the pump is switched off. However the initial temperature is not totally recovered at the end of the recovery phase which was already observed [57, 6, 58, 19] . Therefore cycle after cycle, the average temperature decreases as shown in Figure 15 on the right. This cumulated decrease of temperature is marked at the beginning but tends to slow down.
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The evolution of temperature is the superposition of two distinct processes characterised by a time-scale and a zone of influence. The first is the oscillatory variation of temperature due to the alternative power. It is cyclic and has a period of 1 day. The second is the residual variation of temperature which accumulates slowly. In order to simplify the reading of the results, the time evolution signal is described by its envelope curve, that is the locus of the local Figure 15 on the right. Time evolution of temperature at different points of an horizontal (z=80m) cross-section are provided in Figure 16 . It can be observed that the temperature cyclic amplitude is lower in the centre of the borehole (position = 0m) 320 than in the pipe. However the trend is clearly towards freezing point. The amplitude is also smoothed with the distance from the borehole. This variation of temperature within the grouting may be a starting point for the study of its thermo-mechanical analysis. Figure 17 presents horizontal cross sections within the soil at different depths 325 on the downstream or upstream pipe side. In this Figure, only the last 12h of the 50th days are presented, that is only the recovery phase of the last thermal cycle is depicted. As previously mentioned, the oscillations are attenuated with distance from the borehole, depicted by the vertical dashed line. This figure clearly shows that the period of influence of the thermal cyclic loading is limited 330 to 50cm. However the long-term influence is much larger and equal to almost 6m after 50 days.
Daily operation scheme
The following simulations investigate the influence of the daily operation scheme of the borehole heat exchanger. Three hypothetical schemes are con-335 sidered in which the operating duration of the pump is respectively 8h, 12h or 16h. The pump is switched off during the remaining time of the day. The same total energy is supposed to be extracted each day, that is to say, the power is equal to 6kW, 4kW or 3kW as shown in Figure 18 .
The envelope of the time evolution of the temperature at the beginning of 340 the downstream pipe (z=100m) is provided in Figure 19 . This section is the most critical since the lowest temperature of the circulating fluid is reached there. The tendency of the time evolution of the temperature is identical for all simulations and tends towards a decreasing temperature. However there is a clear difference between the local maxima and local minima envelopes.
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The temperature recovered at the end of the off-period almost does not depend on the operating scheme. It was nevertheless observed that the dispersion increases slightly with depth. On the contrary, the lowest part of the envelope exhibits a strong dispersion. In this case, the lower the cooling power, the lower the minimum temperature. Indeed, the conduction of the soil limits the amount 350 of heat that can be extracted from it. Therefore, for an imposed power of the pump, heat is extracted from the fluid and only partly recovered during a loop. This results has practical purpose since the lowest temperature of the fluid is limited by the freezing point of the circulating fluid. The evolution in the grouting is similar.
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This result shows that the simulation of continuous heat extraction at an average cooling power is insufficient to study the sustainability of the grouting or the risk of freezing of the circulating fluid. Indeed, an average simulation would have provided an identical temperature evolution for all the previously mentioned simulations while the actual locus of minimal peaks strongly differ.
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These minimum values are important for the design of the BHE. 
Annual simulation
In the following, a synthetic thermal load described in [22] is used to simulation a one year operation scheme. This expression includes daily variations of the thermal demand and reads Table 3 and the full thermal signal is depicted in Figure 20 . A second thermal load profile is considered. It does not take into account the daily variations but only the annual one, as shown in Figure 20 . It describes the annual trend of the full load signal.
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The annual power demand evolves from negative power (heat extraction) to positive power (heat injection) but there is no exact compensation between heat extraction and injection as shown by the annual trend curve in Figure 20 . The power amplitude variation is also set up higher in winter and in summer than at mid-seasons. The time step of the daily simulation is set to 2h in order to well 375 capture the variations. On the contrary the time step of the annual simulation is set up to one day. Figure 21 depicts the time evolution of the temperature at the inlet of the pipe. The trend of the daily simulation is well represented by the annual one. However the amplitude of variations may be not negligible around this trend. They are equal to almost 4K at peak. Therefore if the thermal behaviour of the circulating carrier fluid should be investigated, using only an average thermal load misses the lower/upper bound of the fluid temperature.
The daily variations of temperature are also illustrated in the centre of the 385 borehole, as shown in Figure 22 at a depth of 80m. The amplitude of variations is lower than in the pipe. However temperature also oscillates between lower and upper bounds which could influence the thermo-mechanical behaviour of the grouting. On the contrary, daily variations in the soil are much more damped. They 390 almost disappear after 50cm from the centre of the borehole which was already mentioned in a previous section. Therefore if only the long term behaviour of the soil must be investigated, only the annual load signal can be used. The main advantage is the higher time step that can be used since it has been shown that the error remains negligible. Therefore the total cpu time is considerably 395 decreased.
Conclusion
The aim of this paper is to formulate a finite element of heat exchanger in order to accurately model the behaviour of borehole heat exchangers. The element developed must be as flexible as possible and must reproduce transient to appear if the time step is chosen too high. On the contrary a fully implicit scheme avoids the generation of oscillations. Whatever the time step, the error is proven to decrease progressively and finally reach less than 1 percent. The simulation of an alternating operation scheme is simulated afterwards. A period of full operation of the BHE (heat extraction) is systematically followed 435 by a recovery period where the pump is switched off. Results exhibit the superposition of a short-term recoverable variation of temperature on a decreasing trend of the temperature within the pipe, the grouting and the soil. The influence of the cycles is limited to 50cm around the centre of the borehole while the long-term influence reaches 6m after 50days of simulation.
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The influence of the operation scheme on the results is considered. An identical amount of energy is extracted over a varying operating period (8h/12h/16h) while the recovery period is equal to 16h/12h/8h. It is shown that the temperature at the end of the recovery period is almost identical. However the minimum temperature at the end of the heat extraction much more varies. If 445 the operation period is equal to 8h, the fluid temperature decreases down to almost 270K while it remains over 276K if this period is equal to 16h. A final one-year simulation considering both annual and daily variations in the power demand is finally run. It is shown that the annual variation of the power is sufficient to study the long term and far-field evolution of temperature within 450 the soil. However hourly simulations with daily variations of the power are necessary if the thermo-mechanical behaviour of the grouting must be investigated. Indeed, these variations may lead to non negligible oscillations of the temperature around its trend. 
